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Lipopolysaccharide (LPS) Inner-Core Phosphates Are Required for 
Complete LPS Synthesis and Transport to the Outer Membrane in 
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ABSTRACT Gram-negative outer membrane (OM) integrity is maintained in part by Mg^"*" cross-links between phosphates on 
Upid A and on core sugars of adjacent lipopolysaccharide (LPS) molecules. In contrast to other Gram-negative bacteria, waaP, 
encoding an inner-core kinase, could not be inactivated in Pseudomonas aeruginosa. To examine this further, expression of the 
kinases WaaP or WapP/WapQ/PA5006 was placed under the control of the arabinose-regulated pBAD promoter. Growth of 
these strains was arabinose dependent, confirming that core phosphorylation is essential in P. aeruginosa. Transmission elec- 
tron micrographs of kinase-depleted cells revealed marked invaginations of the inner membrane. SDS-PAGE of total LPS from 
WaaP-depleted cells showed accumulation of a fast-migrating band. Mass spectrometry (MS) analysis revealed that LPS from 
these cells exhibits a unique truncated core consisting of two 3-deoxy-D-manno-octulosonic acids (Kdo), two L-glycero-D- 
manno-heptoses (Hep), and one hexose but completely devoid of phosphates, indicating that phosphorylation by WaaP is neces- 
sary for subsequent core phosphorylations. MS analysis of lipid A from WaaP-depleted cells revealed extensive 4-amino-4- 
deoxy-L-arabinose modification. OM prepared from these cells by Sarkosyl extraction of total membranes or by sucrose density 
gradient centrifugation lacked truncated LPS. Instead, truncated LPS was detected in the inner membrane fractions, consistent 
with impaired transport/assembly of this species into the OM. 

IMPORTANCE Gram-negative bacteria have an outer membrane (OM) comprised of a phospholipid inner leaflet and a Upopoly- 
saccharide (LPS) outer leaflet. The OM protects cells from toxic molecules and is important for survival during infection. The 
LPS core kinase gene waaP can be deleted in several Gram-negative bacteria but not in Pseudomonas aeruginosa. We used a 
controUed-expression system to deplete WaaP directly in P. aeruginosa cells, which halted growth. WaaP depletion also caused 
gross changes in cell morphology and led to the accumulation of an aberrant LPS lacking several core sugars and all core phos- 
phates. The aberrant LPS failed to reach the OM, suggesting that WaaP is essential in P. aeruginosa because it is required to pro- 
duce the full-length LPS that is recognized by the OM transport/assembly machinery in this organism. Therefore, WaaP may 
constitute a good target for the development of novel antipseudomonal agents. 
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Pseudomonas aeruginosa is the third most common agent of 
nosocomial infections in the United States (1) and is associ- 
ated with a variety of infections, perhaps most notably in the lungs 
of those with cystic fibrosis (2). P. aerMgiMosfl also exhibits intrinsic 
resistance to antibiotics, mediated in part by its comparatively 
impermeable outer membrane (OM) working in conjunction 
with multiple efflux pumps (3). Options for treating P. aeruginosa 
infections are limited and becoming less effective due to increased 
antibiotic resistance (4, 5), necessitating the development of new 
antimicrobials. The intrinsic resistance engendered by efflux/OM 
also severely hampers the identification and development of new 
antibiotics with sufficient whole-cell potency to be clinically use- 
ful. One approach to this has been to target the synthesis of lipo- 
polysaccharide (LPS), the major component defining the OM. 
Targeting OM biogenesis is attractive because the OM is essential 



for viability and mediates virulence as weU as resistance to toxic 
agents and antibacterials (6, 7). The OM is an asymmetric bilayer, 
with a phospholipid inner leaflet and an LPS outer leaflet. The 
basic structure of LPS (reviewed in references 8 and 9; also see 
Fig. 51 in the supplemental material) includes a relatively con- 
served molecule of the membrane anchor lipid A (endotoxin), 
covalently attached to a more variable polysaccharide unit, com- 
posed of two independently synthesized carbohydrate regions. 
These are the core oligosaccharide and the O-antigen repeating 
unit, which extend outward from the cell surface. Potent inhibi- 
tors of LpxC, involved in lipid A biosynthesis, that have antibac- 
terial activity against P. aeruginosa have been identified (10-12). 

Biosynthesis of LPS itself is well understood, but there has been 
recent interest in dissecting the downstream mechanisms for 
transport and assembly of LPS into the outer leaflet of the OM (9, 
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FIG 1 Genetic organization of^ waaP in wild type, CDR0031, and CDR0060. (A) Ttie four proposed LPS kinase genes waaP, wapP, wapQ, and PA5006 are 
annotated as a single operon among other LPS synthesis genes in P. aeruginosa PAO L ( B and C) Genetic arrangement of arabinose-regulated LPS kinase strains; 
the arabinose promoter (pBAD) controls expression of waaP in strain CDR0031 (B) and expression of wapP, wapQ, and PA5006 in strain CDR0060 (C). The 
arabinose-regulated copy of waaP in CDR003 1 was inserted at a nonessential chromosomal att site, and the native copy of waaP was insertionally inactivated by 
a gentamicin resistance cartridge. Expression of waaP in CDR0060 is controlled by its native promoter upstream of waaF as in panel A, and a second waaP copy, 
generated by pBAD18M2 integration into the chromosome, is arabinose controlled. 
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13-15). The process emerging has several interesting features; 
lipid A-core, synthesized on the inner leaflet of the inner mem- 
brane (IM), is flipped across the IM by the ATP-binding cassette 
(ABC) transporter MsbA (16, 17). On the periplasmic side, LPS is 
first extracted from the outer leaflet of the IM by LptC in coordi- 
nation with the LptBFG transporter complex and then conveyed 
by the periplasmic protein LptA to the LptDE complex, which 
inserts fully assembled LPS to the outer leaflet of the OM through 
an as-yet-uncharacterized process (13, 18). The transporters stud- 
ied to date are essential for viability in Escherichia coli, and their 
downregulation leads to morphological changes consistent with 
interruption of LPS transport/assembly (15, 19, 20). Coincident 
with the improved understanding of the LPS transport/assembly 
process, a recent report (21) described a peptide-based inhibitor 
of LptD with very potent cellular activity against P. aeruginosa. 

OM integrity is maintained in part by cross-linking of LPS 
between negative charges of phosphates on lipid A and inner core 
with Mg^^ ions (22, 23). The first L-glycero-D-manno-heptose 
(Hep') residue of the inner core in E. coli and Salmonella enterica 
LPS contains a single phosphate at the 0-4 position that is not 
essential for growth. However, deletion of the gene encoding the 
WaaP (previously RfaP) kinase responsible for addition of this 
phosphate engenders the so-called deep-rough phenotype (24- 
26), typical of that caused by mutational loss of inner-core sugars. 
This phenotype includes hypersensitivity to hydrophobic antibi- 
otics and loss of virulence, reflecting disruption of the OM perme- 
ability barrier (22). WaaP phosphorylates nascent lipid A-core at 
the cytoplasmic side of the IM prior to MsbA-mediated transport 
of lipid A-core to the periplasmic side of the IM (27, 28). 

The inner core of P. aeruginosa LPS (see Fig. SI in the supple- 
mental material) is heavUy phosphorylated, with 3 to 6 phosphates 
(29, 30). Reflecting this, P. aeruginosa waaP occurs within a gene 
cluster containing LPS sugar transferase genes waaF, waaC, and 
wapG; two other LPS kinase genes, wapP and wapQ; and a putative 
LPS kinase gene,PA5006 (8,23) (Fig. lA).In contrast to £. coZi and 
S. enterica, waaP and wapP were inferred to be essential, based on 
an inability to inactivate either gene in P. aeruginosa (23). P. 
aeruginosa waaP can mediate the phosphorylation of the Hep' 0-4 
position when introduced into a Salmonella waaP-knockout 
strain (23). The second essential Hep' phosphate of P. aeruginosa 
LPS is thought to be added by WapP (23, 28). Transformation of 



either waaP or wapP into a Salmonella waaP- knockout strain dra- 
matically increased resistance to sodium dodecyl sulfate (SDS) 
and novobiocin (23), consistent with LPS core phosphorylation. 
The inability to create genetic deletions of waaP in P. aeruginosa 
suggested a role for LPS phosphorylation beyond OM cross- 
linking, but its requirement for viability precluded further studies 
in P. aeruginosa. Here, we employed an arabinose-inducible ex- 
pression system (pBAD) to characterize the cellular impact of de- 
pletion of WaaP and WapP/WapQ/PA5006 directly in the native 
P. aeruginosa PAOl (K767) background. 

RESULTS 

WaaP is essential for growth in P. aeruginosa PAOl. To charac- 
terize the role of inner-core kinases of P. aeruginosa PAOl, we 
regulated the expression of waaP (CDR0031) and wapP/wapQ/ 
PA5006 (CDR0060) using an arabinose-inducible promoter sys- 
tem (pBAD) in a single copy on the chromosome. Growth of 
strains CDR003 1 and CDR0060 required supplementation of the 
medium with L-arabinose (Fig. 2), directly demonstrating that 
WaaP and at least one other kinase (WapP, WapQ, or PA5006) are 
essential for growth in P. aeruginosa. A genetic knockout of wapQ 
was reported, while attempts to inactivate WapP proved unsuc- 
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FIG 2 Growth of CDR0031 and CDR0060 is dependent on L-arabinose. 
Grovrth of wild-type PAOl and L-arabinose-controUed-expression waaP 
(CDR0031) and wflpP/wapQ/PA5006 {CDR0060) strains was measured by 
monitoring OD^oo after their subculture with { + ) and without ( — ) 0.2% 
L-arabinose. Strains CDR003 1 and CDR0060 cultured with L-arabinose grow 
slightly slower than wild-type PAOl, suggesting that wild-type expression lev- 
els of waaP or wapP/wapQ/P A5006 were not achieved with full induction. 



2 mBio' mbio.astm.org 



July/August 201 1 Volume 2 Issue 4 e00142-n 



Role of LPS Inner-Core Phosphates in P. aeruginosa 




1 2 3 4 5 6 

FIG 3 LPS derived from CDR0031 and CDR0060 contains truncated LPS. 
(A) Total LPS was isolated and visualized by silver staining after SDS-PAGE. 
Lane 1, wild- type PAOl; lane 2, CDR0031 + Ara; lanes 3 and 3', CDR0031 
(-Ara, WaaP-depleted); lane 4, CDR0060 + Ara; lanes 5 and 5', CDR0060 
(-Ara, WapP/WapQ/PA5006-depleted); lane 6,gn/Lrknockout (PAOl). Note 
the accumulation of truncated LPS species (*, lanes 3 and 5) when waaP or 
wapP/wapQ/PA5006 was downregulated ( — Ara). (B) WaaP kinase (lanes 2, 4, 
and 6) and control (lanes 1, 3, and 5) reaction mixtures with total LPS and 
[7-"P]ATP. Lanes 1 and 2, wild-type PAOl LPS; lanes 3 and 4, CDR0031 
(-Ara, WaaP-depleted) LPS; lanes 5 and 6, CDR0060 (-Ara, WapP/WapQ/ 
PA5006-depleted) LPS. 
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FIG 4 Truncated LPS of CDR0031 and CDR0060 is localized to the IM. 
SDS-PAGE of LPS isolated from Sarkosyl-extracted OM (A) or from IM and 
OM fractions (B). (A) Lane 1, wild-type PAOl; lane 2, CDR0031 -I- Ara; lane 3, 
CDR0031 (-Ara, WaaP-depleted); lane 4, CDR0060 -I- Ara; lane 5, CDR0060 
( -Ara, WapP/WapQ/PA5006-depleted). (B) Lane 1, wild-type PAOl IM LPS; 
lane 2, wild-type PAOl OM LPS; lane 3, CDR0031 IM LPS (-Ara, WaaP- 
depleted); lane 4, CDR0031 OM LPS (-Ara, WaaP-depleted); lane 5, 
CDR0060 IM LPS (-Ara, WapP/WapQ/PA5006-depleted); lane 6, CDR0060 
OM LPS (-Ara, WapP/WapQ/PA5006-depleted). 



cessful (23), suggesting that the failure of CDR0060 to grow re- 
suhed from loss of WapP. However, some contribution to viabil- 
ity might be provided from the putative kinase PA5006. 

Core kinase depletion causes accumulation of LPS having a 
truncated core. When cultured without L-arabinose, strains 
CDR0031 and CDR0060 stopped growing after several genera- 
tions, allowing isolation of kinase-depleted cells that presumably 
accumulate LPS lacking one or more core Hep' phosphates. Total 
LPS isolated from kinase-depleted cells had an additional band of 
LPS compared to wild-type LPS (Fig. 3A, lanes 3 and 5). These 
species migrated faster than did the wild-type lipid A-core band 
and slightly slower than the truncated lipid A-core band of a de- 
fined P. aeruginosa galU knockout (Fig. 3A, lane 6). GalU is the 
glucose- 1 -phosphate uridylyl transferase needed to synthesize 
UDP-glucose. Correspondingly, LPS from the gaZU^ mutant termi- 
nates at the galactosamine residue due to loss of the distal outer- 
core glucoses depicted in Fig. SI in the supplemental material (29, 
31). The truncated LPS species observed from WapP/WapQ/ 
PA5006 depletion (CDR0060) migrated slightly faster than that 
from WaaP depletion (CDR0031; compare lanes 3' and 5' in 
Fig. 3A). 

To determine whether the truncated LPS from the WaaP- 
depleted strain lacked the Hep' 4-phosphate, purified P. aerugi- 
nosa WaaP kinase and [y-'^PJATP were incubated with the total 
LPS isolated from strain CDR0031. A strong ^^P-labeled band 
(Fig. 3B) was observed at the position of the truncated LPS species 
(Fig. 3 A, lane 3), suggesting that only the truncated LPS lacked the 
Hep' 4-phosphate normally added by WaaP. We observed no ''^'P 
incorporation with the truncated LPS derived from CDR0060 in 
the in vitro WaaP reaction, consistent with this species already 
having the Hep' 4-phosphate. 

Truncated LPS with unphosphorylated core is not trans- 
ported to the OM. Since WaaP is uniquely essential in P. aerugi- 
nosa, we surmised that truncated LPS lacking core phosphates 
might not be recognized by downstream transport/assembly ma- 
chinery and would fail to reach the OM. Supporting this, LPS from 
OM prepared by Sarkosyl extraction of total membranes lacked 
the truncated LPS bands (Fig. 4A). Sucrose density gradient sep- 
aration of the IM and OM confirmed that the truncated LPS spe- 
cies for both kinase-depleted strains were localized primarily in 
the IM fraction (Fig. 4B) . A faint band of truncated LPS was visible 
in OM fractions from both procedures when the LPS sample was 
overloaded. This may represent low levels of transport of trun- 



cated LPS to the OM and/or minor contamination of IM in the 
OM preparation. Nonetheless, the presence of the truncated LPS 
overwhelmingly in the IM fraction implies failure of the down- 
stream LPS transport machinery to recognize this species. 

Cellular depletion of core kinases leads to an abnormal IM. 
Cells depleted of WaaP or WapP/WapQ/PA5006 revealed gross 
morphological defects, including severe IM invaginations (stan- 
dard transmission electron microscopy [TEM] [Fig. 5] and high- 
pressure-freeze [HPF] -substitution TEM [see Fig. S2 in the sup- 
plemental material]). The IM invaginations form large 
membrane-bound or "vacuole-like" compartments that appear to 
contain periplasmic material, reminiscent of plasmolysis induced 
by severe osmotic shock (32, 33). It is noteworthy that the kinase- 
depleted cells were isolated directly from rich growth medium and 
immediately fixed or processed for freeze substitution. The cells 
were not exposed to conditions of osmotic shock, and the similar 
images obtained using two different electron microscopy (EM) 
techniques suggest that this phenomenon is not an artifact of EM 
preparative procedures. 

Identification of truncated LPS core species from kinase- 
depleted cells. To characterize the truncated LPS species accumu- 
lating in strains depleted of core kinase activity, LPS was isolated 
from the IM fractions obtained from wild-type PAOl, WaaP- 
depleted (CDR0031), and WapP/WapQ/PA5006-depleted 
(CDR0060) cells. Core oligosaccharides were isolated and ana- 
lyzed by electrospray ionization mass spectrometry (ESI-MS) . For 
wild-type PAOl, CDR0031, and CDR0060 LPS, core peaks con- 
sistent with the expected uncapped-core glycoforms (8, 30, 34) 
were detected (see Table SI and Fig. S3 in the supplemental ma- 
terial). The peaks were consistent with the [M-2H]^~ and [M-3H 
-h Na]^~ ions of the expected wild-type LPS cores lacking O anti- 
gen (Table SI). The mass-to-charge ratio (m/z) values of most 
peaks were consistent with Rha-Glc4-GalN(Ala)-Hep(Cm)-Hep- 
Kdo (Cm is carbamoyl and Kdo is 3-deoxy-D-manno-octulosonic 
acid) with a range of 2 to 5 phosphates. The absence of phosphoe- 
thanolamine is consistent with the LPS isolation procedure used 
as noted previously (29). The detection of core in the IM fraction 
of wild- type PAOl is consistent with Fig. 4B. 

The ESI-MS spectrum for core isolated from WaaP-depleted, 
IM-derived LPS (enriched for the truncated species) had major 
novel peaks at m/z 783.2 and 765.2 (Table 1; see also Fig. S3B in the 
supplemental material). The exact masses of these singly-charged 
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FIG 5 Morphological changes to P. aeruginosa cells upon depletion of LPS core kinases. Cells were examined by standard TEM. (A) Wild-type PAOl; (B) 
CDR0031 (-Ara, WaaP-depleted); (C) CDR0060 (-Ara, WapP/WapQ/PA5006-depleted). Severe perturbations (lengthening and invaginations) of the IM 
(indicated by arrows) were observed for WaaP- and WapP/WapQ/PA5006-depleted cells, consistent with accumulation of truncated LPS which is not exported 
to the OM. 



species are consistent with the [M-H]^ ion of the unique trun- 
cated core: Hex-Hepj-Kdo and its anhydro-Kdo derivative, re- 
spectively (35). Assuming the presence of two Kdo units before 
hydrolysis, this putative pentasaccharide core lacks all phosphates. 
The carbamate and alanine moieties present on wild-type and 
gfl/Lf mutant core (Table SI) (8, 29) are also absent. The proposed 
core composition of Hex-Hepj-Kdo also indicates that the outer- 
core galactosamine (GalN), usually linked to Hep", is missing and 
an as-yet-unidentified hexose is present in the core. The identity, 
linkage analysis, and anomeric configuration of this hexose re- 
main to be determined. Minor novel peaks at m/z 853.3 and 835.3 
were also detected (Table 1; see also Fig. S3B). The exact masses of 
these singly-charged species are consistent with the [M-H] ~ ion of 
the unique truncated core: GalN (Ala) -Hepj-Kdo and its anhydro- 
Kdo derivative, respectively. This minor pentasaccharide core also 
lacks all phosphates and carbamate moieties. 

ESI-MS examination of IM-derived LPS core isolated from the 
wflpP/wapQ/PA5006-downregulated strain CDR0060 (Table 1; 
see also Fig. S3C in the supplemental material) revealed peaks 
consistent with truncated cores with compositions of GalN(Ala)- 
Hep"(Cm)-Hep'-P-Kdo and GalN(Ala)-Hep"(Cm)-Hep'-P2- 
Kdo (and their corresponding anhydro-Kdo derivatives). These 
species are similar to those observed in the galU mutant (29) ex- 
cept with only 1 or 2 core phosphates, instead of 3 to 6. The pres- 
ence of phosphates in the core suggests that WaaP is active in the 
CDR0060 background. The second core phosphate present could 
reflect nonuniform downregulation of the three kinases in this 
strain or phosphorylation by an unidentified kinase. The addi- 
tional negative charge(s) may explain the faster migration of the 



truncated LPS from strain CDR0060 compared to that from 
CDR0031 (Fig. 3A). Unexpectedly, the major nonphosphory- 
lated, truncated core species seen upon WaaP depletion (see 
above) were also seen here (Table 1; see also Fig. S3C), and this 
remains unexplained. 

Kinase depletion induces lipid A modification. To see if lipid 
A modification systems are activated upon WaaP depletion, lipid 
A was isolated from wild-type PAOl and WaaP-depleted 
CDR003 1 cells and analyzed by ESI-MS. Wild-type PAO 1 LPS (see 
Fig. S4A in the supplemental material) had both penta-acylated 
species (m/z 722.5 and 730.5) and hexa-acylated species (m/z 
807.6 and 815.6) as expected (8) (see also Fig. S5). Interestingly, 
loss of WaaP leads to modification of the lipid A species by 
4-amino-4-deoxy-L-arabinose (L-Ara4N), singly and doubly 
(Fig. S4B), at the 1- and/or 4'-phosphate of the lipid A digluco- 
samine backbone (Fig. S5). This modification is mediated by ArnT 
on the periplasmic leaflet of the IM (8). Modification was also 
observed for WapP/WapQ/PA5006-depleted cells (data not 
shown). Although decreases in OM stability/lipid perturbations 
have been shown to lead to secondary acylation (palmitate addi- 
tion) of lipid A (21, 36), data from ESI-MS analysis showed no 
significant differences in acylation between wild-type and WaaP- 
depleted cells. 

IM and OM phospholipid and lipid A analysis. IM and OM 

samples from wild-type and WaaP-depleted cells have similar 
amounts of normal LPS (Fig. 4B), with the additional truncated 
species present only in the IM from strain CDR003 1 . The presence 
of penta-acylated lipid A in the IM fraction (see Fig. S6A in the 
supplemental material) is diagnostic of OM contamination be- 



TABLE 1 Observed masses and proposed compositions for truncated cores observed by ESI-MS 



Strain 


Proposed structure'' 


Calculated m/z 


Observed m/z" 


CDR0031 (WaaP-depleted) 


[HexHep^Kdo-H]- 


783.24 


783.2 




[HexHepjanhydroKdo-HI ^ 


765.23 


765.2 




[GalN(Ala)Hep2Kdo-H] - 


853.29 


853.3 




[GalN(Ala)Hep2anhydroKdo-H] - 


835.28 


835.3 


CDR0060 (WapP/WapQ/PA5006-depleted) 


[HexHep^Kdo-H]- 


783.24 


783.2 




[HexHepjanhydroKdo-H] ^ 


765.23 


765.2 




[GalN(Ala)Hep(Cm)HepPKdo-H] - 


976.27 


976.3 




[GalN(Ala)Hep(Cm)HepPKdo-2H12- 


487.63 


487.6^ 




[GalN(Ala)Hep(Cm)HepPanhydroKdo-H]- 


958.26 


958.3 




[GalN(Ala)Hep(Cm)HepPanhydroKdo-2H]2- 


478.62 


478.6' 




[GalN(Ala)Hep(Cm)HepP2Kdo-2H|2- 


527.61 


527.6 




[GalN(Ala)Hep(Cm)HepP2anhydroKdo-2H]2- 


518.61 


518.6 



" Peaks identified by negative-ion ESI-MS with an m/z scan (60 to 2,200) were subject to enhanced-resolution ESI-MS to determine exact mass and charge state (data not shown). 
Only assignable peaks with unambiguous exact masses and charge states are listed. 

A second Kdo residue, which is cleaved as a result of acid hydrolysis during core preparation (35), would be present in the intact core. 

Peaks observed by enhanced-resolution ESI-MS but not shown in Fig. S3C in the supplemental material. 
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TABLE 2 MIC determinations" 



Strain 


MIC ol: 






EDTA (mM) 


Novobiocin (/j,g/ml) 


Polymyxin B (fig/ml) 


PAOl 


10 


625-1,250 


0.5-1 


CDR0031 + 0.2% Ara 


5-10 


625 


0.25 


CDR0031 + 0.04% Ara 


0.3125-0.625 


156 


0.03125-0.0625 


CDR0060 + 0.2% Ara 


0.625-0.125 


625 


0.25 


CDR0060 + 0.04% Ara 


0.3125-0.625 


312-625 


0.125 



" Values are from at least two determinations. Because of a high frequency of reversion to wild type, MIC testing witli the WiipP/M'rtpQ/PA5006-regulated strain CDR0060 was 
supplemented with 300 /Ag/ml carbenicillin to maintain arabinose-controlled expression of LPS kinases. 



cause penta-acylated LPS is formed in the OM by the action of 
PagL (8, 37). ESI-MS spectra for lipid A from WaaP-depleted cells 
showed a significant amount of L-Ara4N-modified lipid A in both 
IM and OM fractions (Fig. S6). Therefore, L-Ara4N modification 
is not specific to the truncated LPS localized in the IM fraction. 
The WaaP- deficient cells should have more LPS in their IM frac- 
tions than should the wild-type cells, due to the presence of the 
additional truncated LPS species. Reflecting this, the ratio of lipid 
A to phospholipid in the IM is larger for WaaP-depleted cells than 
for wild-type cells (Fig. S6A); however, the IM did not have a 
comparatively lower fraction of L-Ara4N-modified lipid A, sug- 
gesting that the truncated LPS was also L-Ara4N modified at the 
periplasmic leaflet of the IM. 

Effect of core kinase depletion on EDTA and antibiotic sus- 
ceptibility. To see if depletion of WaaP compromised the OM in 
P. aeruginosa, we tested the susceptibilities of CDR0031 and 
CDR0060 to EDTA, the hydrophobic antibiotic novobiocin, and a 
polycationic antimicrobial peptide, polymyxin B, in media sup- 
plemented with high (0.2%) or low (0.04%) L-arabinose (Table 2). 
CDR0031 supplemented with low L-arabinose was 32-fold more 
sensitive to EDTA and 4-fold more sensitive to novobiocin than 
was wild-type PAOl. Wild-type susceptibility to both compounds 
was restored with addition of 0.2% L-arabinose. We also noted an 
increase in sensitivity to polymyxin B (ca. 16-fold) upon waaP 
downregulation in P. aeruginosa. Strain CDR0060 also became 
more susceptible to antibiotics under low-L-arabinose conditions; 
however, this effect appeared to be less pronounced than for strain 
CDR0031. 

DISCUSSION 

Phosphorylation of the LPS inner core by WaaP is important for 
maintaining the OM permeability barrier of E. coli and S. enterica 
(23, 25, 26). Loss of waaP in E. coli RI strain F470 (lacking O 
antigen) and in S. enterica also caused loss of Hep"^', loss of inner- 
core phosphates on Hep' and Hep'", and decreased efficiency in 
O-antigen attachment (S. enterica) (25, 26). Altered core structure 
and reduced O-antigen attachment were also reported for 
transposon-mediated disruption of waaP in Shigella flexneri (38). 
These waaP mutants were, however, viable, and for S. enterica, 
production of full-length LPS was noted without a growth defect 
(25). In contrast, attempts to inactivate waaP in P. aeruginosa were 
unsuccessful (23). Here, we show directly that WaaP is essential 
for growth using a recombinant P. aeruginosa strain harboring an 
L-arabinose-inducible waaP gene. This allowed the depletion of 
WaaP, which caused the accumulation of a truncated species of 
LPS. MS analysis of core showed that loss of WaaP prevents all 
core phosphorylation and blocks completion of full-length core. It 
was suggested that the P. aeruginosa OM was uniquely dependent 



on maintaining LPS cross-links and that their loss would destabi- 
lize the membrane of P. aeruginosa, accounting for the essential 
nature of WaaP (23). However, our data support an alternative 
explanation, i.e., that the altered LPS produced in the absence of 
WaaP is not recognized by the LPS transport and OM assembly 
machinery. EM images of these cells revealed gross changes to the 
IM, consistent with a defect in LPS trafficking or, alternatively, 
continued synthesis of IM (containing the aberrant LPS) after 
cessation of OM synthesis. Similar observations with a strain 
downregulated for WapP/WapQ/PA5006 suggest that the Hep' 
4-phosphate transferred by WaaP may not be the specific factor 
mediating recognition by the transport machinery. Nonetheless, 
our data clearly showed that WaaP is a prerequisite for synthesis of 
efficiently transportable LPS in P. aeruginosa. 

The P. aeruginosa OM is less permeable than that of other 
Gram-negative bacteria (39). It is difficult to assess the direct im- 
pact of WaaP depletion on the OM itself, which appears largely 
intact in several cells examined by EM. However, loss of WaaP 
appears to increase sensitivity to the hydrophobic antibiotic no- 
vobiocin (Table 2). This increase is relatively small compared to 
that reported for waaP genetic knockouts created in E. coli and 
S. enterica (23, 25, 26, 28), but this may reflect partial WaaP loss 
due to downregulation. Sensitivity to EDTA may result from a 
general defect in new LPS reaching the OM, providing less cross- 
linked LPS overall, increasing susceptibility to Mg^"^ chelation. 

Reduction in LPS negative charge via L-Ara4N decoration of 
the lipid A moiety has been linked to reduced susceptibility to 
cationic peptides, including polymyxin B (40). Lipid A from an S. 
enterica waaP knockout lacked L-Ara4N modification (25), 
whereas we show that lipid A from the WaaP-depleted P. aerugi- 
nosa cells was modified. Susceptibility to polymyxin B was in- 
creased in both cases, suggesting that any contribution of lipid A 
modification to polymyxin resistance in P. aeruginosa is out- 
weighed by the loss of core phosphates. Perhaps consistent with 
this, the membrane-defective hypersusceptible P. aeruginosa 
strain Z6I also had L-Ara4N modification of the LPS and in- 
creased susceptibility to polymyxin B (41). 

The precise location of the aberrant LPS resulting from loss of 
core phosphates is not known. There is no obvious accumulation 
of membranous material in the periplasm in our EM images as 
observed for E. coli strains downregulated for Lpt components 
(15) and for P. aeruginosa cells treated with an inhibitor of LptD 
(21). The truncated LPS was isolated primarily in the IM fraction, 
and the apparent lengthening of the IM is more consistent with 
specific IM localization. P. aeruginosa lipid A-core chemically 
stripped of all phosphates (including the lipid A phosphates) 
failed to stimulate the ATPase activity of isolated P. aeruginosa 
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MsbA in vitro (16), but this could not be attributed to a particular 
phosphate(s). In our electron micrographs, there was no obvious 
blebbing on the inner leaflet of the IM previously seen with MsbA 
temperature-sensitive mutants of E. coli (20). This suggests that 
the LptBCFG complex may not recognize the truncated LPS. Fur- 
thermore, the evidence for L-Ara4N modification of the truncated 
LPS, which is reported to occur at the outer leaflet of the IM (40), 
implies that this species could be trapped in the periplasmic leaflet; 
however, the specific location and the underlying basis for the 
proposed LPS transport defect await further investigation. 

Taken together, our data indicate that WaaP is necessary for 
the completion of LPS synthesis and OM assembly in P. aeruginosa 
and may therefore be a good target for the discovery of novel 
therapeutics targeting P. aeruginosa. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and growth media. All bacterial 
strains, plasmids, and primers used in this study are listed in Ta- 
bles S2 and S3 in the supplemental material. Lysogeny broth (L 
broth) (tryptone, 10 g/liter; yeast extract, 5 g/liter; NaCl, 10 g/liter) 
or L agar was used for routine growth of-E. coli and P. aeruginosa at 
37°C unless otherwise specified. L-Arabinose-dependent strains 
CDR0031 (gentamicin resistant) and CDR0060 (carbenicillin re- 
sistant) are derivatives of the wild-type P. aeruginosa strain PAO 1 . 
As necessary, 0.2% L-arabinose and gentamicin (10 /xg/ml for 
E. coli and 100 /J.g//J.l for P. aeruginosa), ampicillin (100 jJig/ml for 
E. coli), carbenicillin (300 /AgZ/i-l for P. aeruginosa), or tetracycline 
(10 /i,g/ml for £. coli or 100 /i,g/ml for _P. aeruginosa) were added to 
growth medium. 

DNA manipulations. Oligonucleotides were purchased from 
Integrated DNA Technologies, Inc. (Coralville, lA), and DNA se- 
quencing was carried out by Agencourt Inc. (Bedford, MA). PGR 
was carried out using AccuPrime GC DNA polymerase (Invitro- 
gen). Vent DNA polymerase (NEB), or Phusion High-Fidelity 
DNA polymerase (NEB), according to the supplier's instructions. 
DNA fragments were purified using QIAquick PGR cleanup or gel 
extraction kits (Qiagen). 

Construction of pMini-CTX derivative with pBAD-waaP ex- 
pression system. Plasmid pBAD18M2 is a derivative of pBADlS 
with an altered ribosome binding site (RBS) and Hindlll site ad- 
dition to the flraC-pBAD promoter segment as described previ- 
ously for plasmid pBEMlO (12). The waaP gene was PGR ampli- 
fied with primers waaPupHind and waaPrevXmal, using Phusion 
DNA polymerase (NEB) to generate blunt ends. This fragment 
was digested with Hindlll and ligated into pBAD18M2 that had 
been cut with Xhol, blunt ended, and then cut with Hindlll. The 
resultant plasmid pBADM2-wflflP had waaP with 132 bp of up- 
stream untranslated sequence, placed in the correct orientation 
for regulated expression from the pBAD promoter, with an Xmal 
site introduced downstream of waaP. A mini-GTX derivative of 
the pBAD-regulated waaP construct, for placement on the 
P. aeruginosa genome, was then made as follows. Plasmid pRG7 
was constructed as a general mini-GTX vector for placing pBAD- 
regulated constructs into the genome. For this, the luxCDABE 
genes from mini-GTX-/MX (42) were removed with Sall-EcoRV 
and swapped with an Xhol-Hpal fragment encompassing an 
ciraC-pBAD promoter fragment derived from a synthetic plasmid, 
pGA18-pBAD (GeneArt AG, Burlingame, GA). The final con- 
struct used for placing a regulated copy of waaP into the att site 
(pRGS) was made by swapping an EcoRV-Xmal fragment from 



pBAD18M2-ivflflP (encompassing part of araC through waaP) 
into the pRG7 vector from which the corresponding partial araC- 
pBAD fragment had been removed by digestion with EcoRV and 
Xmal. 

Construction of the WaaP controUed-expression strain 
CDR0031. The pBAD-waaP construct was inserted into the ge- 
nome of P. aeruginosa PAOl, using the E. coli mobilizer strain 
S17-1, and confirmed as described previously (43, 44). The native 
waaP gene was then inactivated as follows: the waaP gene was 
generated from PAOl using primers waaPforHind and waaPre- 
vBam, digested with Hindlll and BamHI, and ligated into simi- 
larly digested pEX 18Tc(45).The aacCl gentamicin resistance car- 
tridge (isolated from pUGGm [46] with Sail) was ligated into the 
unique Xhol site within waaP in the same orientation as the waaP 
gene to generate plasmid pRGlO. Plasmid pRGlO was used to dis- 
rupt waaP on the genome of P. aeruginosa as described previously 
(47), using the E. coli mobilizer strain S17-1 (44). Recombinants 
lacking plasmid backbone were isolated by streaking merodiploid 
colonies onto L agar with 5% sucrose, 0.2% L-arabinose, and 
100 jJig/ml gentamicin. Colonies were tested for gentamicin resis- 
tance and tetracycline sensitivity. To identify native waaP inacti- 
vation, the location of aacCl was determined using PGR with 
primer pairs waaPXhoI and waaPoutr (native) and PaaraC and 
PawaaPXho (pBAD regulated). One isolate, GDR0031, had the 
aacCl cartridge within the native waaP copy and retained the 
intact pBAD-regulated copy with a 132-bp upstream leader se- 
quence (Fig. IB). 

Construction of the WapP/WapQ/PA5006 controUed- 
expression strain CDR0060. Strain GDR0060 was constructed 
using a procedure based on that reported previously for creation 
of a controUed-regulation strain for LpxG (12). Plasmid 
pBAD18M2-wfl(3P, described above, was introduced into PAOl 
using electroporation (48). Plasmid pBAD18M2-wflaP cannot 
replicate in P. aeruginosa, and therefore, carbenicillin-resistant 
colonies arise from integration of the plasmid into the chromo- 
some. Because pBAD18M2-wflflP has the entire waaP gene rather 
than a partial fragment, it will generate an insertion, leaving the 
native copy of waaP intact and having waaP, wapP, wapQ, and 
PA5006 under the control of the pBAD promoter (Fig. IG). Since 
the native waaP is preserved, only wapP, wapQ, and PA5006 are 
regulated by the pBAD promoter. Putative regulated strains were 
identified by testing for arabinose-dependent growth, and for one 
such colony (GDR0060), the presence of the regulated waaP gene 
was confirmed by colony PGR using primers PaaraC and 
waaPoutf 

Cellular depletion of LPS kinases from strains CDR0031 and 
CDR0060. Cultures of wild-type PAOl, GDR0031 (gentamicin, 
100 iJig/fil), and GDR0060 (carbenicillin, 300 iJig/iJi), with 0.2% 
L-arabinose added for GDR0031 and GDR0060, were grown over- 
night. These were then subcultured into fresh medium (with and 
without 0.2% L-arabinose) to a starting optical density at 600 nm 
(OD^oo) of 0.01 (GDR0060) or 0.02 (PAOl and GDR0031). 
Growth was monitored by ODgoo over time. Typically, growth of 
the arabinose-dependent GDR0031 and GDR0060 cultures sub- 
stantially leveled off at an ODgoo of -0.4 (at 5 h) in arabinose-free 
medium, compared to the wild-type PAOl strain or GDR0031 
and GDR0060 in arabinose-containing cultures, which continued 
to grow normally (Fig. 2). Presumably, culture growth leveled off 
due to the gradual depletion of the kinase proteins during cell 
doublings. For characterization of cells depleted of WaaP or 
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WapP/WapQ/PA5006, the cells were harvested by centrifagation 
(at 3,000 X g, 10 min) from cultures without L-arabinose after 
leveling off to an ODggo of -0.4 (5 h). For comparisons, cells from 
wild-type PAO 1 cultures were always harvested at a similar ODgoQ 
as that of LPS kinase-depleted cells. 

Total LPS isolation and analysis by SDS-PAGE. Wild-type 
PAOl, CDR0031, and CDR0060 were grown and harvested as 
described above. Cell pellets were resuspended in 10 mM Tris- 
HCl (pH 8.0) containing 2 mM MgClj, DNase (100 /J-g/ml), and 
RNase (25 /Ltg/ml) and lysed in a French pressure cell (2 passes at 
15,000 Ib/in^). Total LPS was isolated as previously described (49). 
LPS samples were analyzed after being resolved by SDS-PAGE in 
precast 12% bis-Tris NuPAGE gels (Invitrogen) and visualized by 
silver staining (Bio-Rad). 

Sarkosyl-extracted OM preparation and LPS isolation. Outer 
membranes were prepared as described previously (50, 51) from 
cells prepared and lysed as described above. Unbroken cells were 
removed by low-speed centrifugation (at 3,000 X g, 10 min), and 
the IM was solubilized by addition of 1% Sarkosyl and incubation 
for 1 h at 30°C. OM was isolated by centrifugation at 100,000 X g 
for 1 h and resuspended in 10 mM Tris-HCl (pH 8.0). Proteins 
were removed from isolated OM by digestion with proteinase K 
(200 ju-g/ml) overnight at 37°C. LPS was analyzed as described 
above. 

Sucrose density gradient separation of IM and OM and LPS 
isolation. Cell pellets were resuspended in cold 20% (wt/vol) su- 
crose in 10 mM Tris-HCl (pH 8.0), 50 ju-g/ml DNase I, and frozen 
at — 80°C. Cell lysate was prepared as described above, and sepa- 
ration of IM and OM was carried out as described previously (52). 
Briefly, overnight ultracentrifugation (260,000 X g) of the cell 
lysate over a 2-step sucrose gradient of 4 ml 70% (wt/vol) sucrose 
cushion layered with 4 ml 60% (wt/vol) sucrose separated IM 
(reddish) and OM (white) fractions. IM and OM fractions were 
collected separately and diluted with water to a final sucrose con- 
centration of <20% and centrifuged again (260,000 X ^, 1 h) to 
pellet membranes. For crude LPS isolation, IM or OM samples 
were resuspended in water and digested with proteinase K (0.25 
/i,g/)L(,l) in 1 X NuPAGE loading buffer (Invitrogen) for 3 h at 60°C. 
IM or OM LPS was analyzed as described above. 

Phosphorylation of LPS using [y-^^PlATP and purified 
P. aeruginosa WaaP. Kinase reaction mixtures (15 /xl total) con- 
tained 20 mM Tris-HCl (pH 7.5), 15 mM MgClj, 1 mM dithio- 
threitol (DTT), 1.0 /xCi [y-^^PJATP diluted with 10 jjM unlabeled 
ATP, and -3.5 /j,g total LPS isolated from wild-type PAOl, 
CDR0031, and CDR0060, depleted of LPS kinases. Reactions were 
initiated by addition of 750 ng purified P. aeruginosa WaaP (see 
Text SI in the supplemental material), reaction mixtures were 
incubated for 2 h at room temperature, and reactions were 
stopped by addition of 5 lAAX NuPAGE sample loading buffer 
(Invitrogen). For separation of LPS species after incubation with 
WaaP (or water), the total volume of each kinase reaction mixture 
was loaded on a 10-well precast 12% bis-Tris NuPAGE gel (Invit- 
rogen) run at 200 V for 45 min, followed by drying of the gel for 
45 min at 80°C. Incorporation of [y-^^PJATP into LPS was de- 
tected by exposure of the gel to Kodak BioMax XAR film for 30 h 
and development with a Kodak X-OMAT 2000A film processor. 

Lipid A isolation. Lipid A was isolated from cell pellets based 
on a previous protocol (53) (see details in Text SI in the supple- 
mental material) and stored at — 20°C until needed. For IM and 
OM samples, the pooled IM or OM fractions from sucrose density 



gradient centrifugation were directly hydrolyzed with 1% acetic 
acid to release the lipid A and then extracted with chloroform (as 
described in Text SI). The samples contain both phospholipids 
and lipid A. 

ESI-MS of lipid A. Lipid A mass spectra were acquired on a 
4000 QTRAP hybrid triple-quadrupole linear ion trap mass spec- 
trometer equipped with a Turbo V ion source (Applied Biosys- 
tems, Foster City, CA) utilizing the TurboIonSpray probe for ESI 
(fuU method details in Text SI in the supplemental material). 
Briefly, spectra were collected in the negative-ion mode over a 
full-scan m/z from 60 to 2,200 with a quadrupole 3 (Q3) scan 
(0.2-atomic-mass-unit [amu] step size, 4.3 s/scan, acquired for 1 
to 4 min/sample). To determine each peak's exact mass with iso- 
topic resolution, the default enhanced-resolution scan was em- 
ployed (acquisition time, 1 to 4 min/sample), centered on the m/z 
for the peak of interest. With exact masses identified for peaks of 
interest, tandem MS spectra were acquired with the default prod- 
uct ion (MS2) scan of the appropriate mj/z range for each species 
(0.1- to 0.2-amu step size, 1 to 5 s/scan, acquisition time of 1 to 4 
min/sample). Data acquisition and analysis were performed with 
Analyst 1.4.2 software (Applied Biosystems). 

ESI-MS of LPS core. To isolate the core oligosaccharide, IM 
LPS samples (isolated as described above from 500-ml cultures; 
ODgoo of 0.4 to 0.5) were incubated with 1.5% acetic acid for 2 h at 
100°C (final volume, 1 ml), cooled to room temperature, and 
centrifuged (16,200 X g, 10 min) to pellet the aggregated free lipid 
A released by mild acid hydrolysis. The supernatant, containing 
the core, was removed and stored at — 80°C until needed. For 
ESI-MS analysis, the samples containing the free core were thawed 
and diluted (generally 5- to 50-fold, as needed) with water to a 
volume of 500 lA and piperidine was added to a final concentra- 
tion of 1% (vol/vol). Each sample was analyzed with ESI-MS as 
described for lipid A (see Text SI in the supplemental material) 
with minor modifications: declustering potential (DP) was —60 V 
and the nebulizer gas (GSl) was 35 Ib/in^. Enhanced-resolution 
and tandem MS were then performed as described for lipid A. 
Data acquisition and analysis utilized Analyst 1.4.2 software (Ap- 
plied Biosystems). 

Electron microscopy. Cells were harvested at an ODggo of -0.4 
and fixed with a mixture of 2.5% glutaraldehyde and 2% parafor- 
maldehyde in 0.1 M sodium cacodylate buffer (CB), pH 7.4, for 
2 h at room temperature. Chemically fixed samples were washed 
in 0.1 M CB and postfixed with 1% osmium tetroxide (OSO4)- 
1.5% potassium ferricyanide (K3[Fe(CNg)]) for 1 h, washed in 
water three times, and incubated in 1% aqueous uranyl acetate for 
1 h and dehydrated in ascending grades of ethanol. The samples 
were then infiltrated and embedded in TAAB Epon (Marivac Can- 
ada Inc., St. Laurent, Canada) and polymerized at 60°C for 48 h. 
Ultrathin sections (60 to 80 nm) were cut, stained with lead citrate, 
and observed at 80 kV in a JEOL 1200EX transmission electron 
microscope. Images were recorded using an AMT 2k charge- 
coupled device (CCD) camera. Methods for HPF-substitution 
TEM are described in Text SI in the supplemental material. 

MIC determinations. MIC values were determined according 
to Clinical and Laboratory Standards Institute guidelines (54) 
with the following modification. The BBL Prompt kit (Difco) was 
used according to the provided protocol to prepare an inoculum 
of 1.5 X 10* CFU/ml from stationary-phase cells, which corre- 
sponds to a McFarland turbidity standard of 0.5. L broth was used 
instead of Mueller-Hinton broth, and L-arabinose was added, as 
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indicated in Table 2, for growth of strains CDR0031 and 
CDR0060. Growth was assessed after approximately 18 h at 37°C. 
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